C3b, the central component of the alternative pathway (AP) of the complement system, coexists as a mixture of conformations in solution. These conformational changes can affect interactions with other proteins and complement regulators. Here we combine a computational model for electrostatic interactions within C3b with molecular imaging to study the conformation of C3b. The computational analysis shows that the TED domain in C3b is tethered ionically to the macroglobulin (MG) ring. Monovalent counterion concentration affects the magnitude of electrostatic forces anchoring the TED domain to the rest of the C3b molecule in a thermodynamic model. This is confirmed by observing NaCl concentration dependent conformational changes using single molecule electron microscopy (EM). We show that the displacement of the TED domain is compatible with C3b binding to Factor B (FB), suggesting that the regulation of the C3bBb convertase could be affected by conditions that promote movement in the TED domain. Our molecular model also predicts mutations that could alter the positioning of the TED domain, including the common R102G polymorphism, a risk variant for developing age-related macular degeneration. The common C3b isoform, C3bS, and the risk isoform, C3bF, show distinct energetic barriers to displacement in the TED that are related to a network of electrostatic interactions at the interface of the TED and MG-ring domains of C3b. These computational predictions agree with experimental evidence that shows differences in conformation observed in C3b isoforms purified from homozygous donors. Altogether, we reveal an ionic, reversible attachment of the TED domain to the MG ring that may influence complement regulation in some mutations and polymorphisms of C3b.
Introduction
Complement is a major component of innate immunity that participates in various functions such as fighting microbial infections, clearance of apoptotic cells, and modulation of adaptive immune response. Amplification of complement response in the alternative pathway (AP) takes place when large conformational changes occur in the C3 protein due to cleavage of C3 into C3a and C3b. This cleavage exposes regions of C3b required for binding surfaces and other proteins, especially complement regulators. Binding of Factor B (FB) forms the C3-pro-convertase (C3bB) complex. FB can then be cleaved by Factor D (FD) to assemble an active C3-convertase (C3bBb), a complex with a serine protease domain that catalyzes hydrolysis of a peptide bond in C3 to form C3b. This C3b can subsequently bind FB in the absence of regulation, eventually forming additional C3-convertase and initiating the amplification loop in the complement response Lea and Johnson, 2012) . The ability of C3b to bind FB relies on a significant conformational rearrangement after cleavage of C3. Following cleavage, the thioester-containing domain (TED) of C3 is translated and rotated approximately 60 Å, exposing FB binding sites on C3b and facilitating formation of C3 convertase. This process also exposes the internal thioester bond allowing binding to surfaces through a covalent bond (Janssen et al., 2006; Wiesmann et al., 2006; Gros et al., 2008) . (A) Schematic representation of C3b architecture based on the crystal structure (PDB ID 2i07). Domains of C3b, as presented in this manuscript, are color coded and labeled. Blue represents the MG ring; orange represents C345C; pink represents CUB; and green represents TED. CUB and TED comprise the swinging arm of C3b, and the arm is attached to the MG ring at CUB. (B) Theoretical structure of C3b in the attached conformation (PDB ID 5fo7) highlighting ionizable residues predicted to be important for maintaining the structure of C3b. Residues that result in electrostatic energies of association that differ from the parent by 2.5 kJ/mol or more are shown as colored spheres. Blue indicates that the electrostatic energy of association is more unfavorable in the mutant than in the parent, while red indicates that the electrostatic energy of association is more favorable in the mutant than in the parent. (C) Theoretical structure of C3b in the detached conformation (PDB IDs 5fo7, 4mrk) after molecular modeling highlighting ionizable residues predicted to be important for maintaining the structure of C3b. Residues that result in electrostatic energies of association that differ from the parent by 2.5 kJ/mol or more are shown as colored spheres. Blue indicates that the electrostatic energy of association is more unfavorable in the mutant than in the parent, while red indicates that the electrostatic energy of association is more favorable in the mutant than in the parent.
C3b consists of two polypeptide chains, ␣× and ␤, linked by a disulfide bridge and organized in multiple domains as revealed in several crystallographic structures (Janssen et al., 2006; Wiesmann et al., 2006; Gros et al., 2008; Forneris et al., 2016) . A core of eight macroglobulin (MG1-MG8) domains (hereafter referred to as the MG ring) is connected to a C345C domain at one end of the molecule and to a long swinging arm. This arm contains both a "complement C1r/C1s, Uegf, Bmp1" (CUB) domain at the proximal end and a TED domain at the distal end. For simplicity, the structure of C3b can be described as a scaffold, comprising the MG ring and C345C domain, and a pendulum-like entity, comprising the CUB and TED domains (Fig. 1A) . The TED includes a reactive thioester moiety that anchors C3b to the surface of cells. The first four short consensus repeats (SCR) of Factor H (FH), the prototypic regulator of the alternative complement pathway, interact with the MG ring and the TED domain of C3b (Wu et al., 2009 ). This regulator accelerates the decay of the C3-convertase enzymes and acts as a cofactor for the Factor I (FI) mediated proteolytic inactivation of C3b Lea and Johnson, 2012) . The interaction between C3b and FH SCR 1-4 is only possible after a conformational change occurring during the transition from C3 to C3b which positions the TED domain near the MG1 domain (Wu et al., 2009) . Mutations in regions of C3b involved in binding FH are found in several diseases including atypical hemolytic uremic syndrome (aHUS) Lea and Johnson, 2012; Schramm et al., 2015) . Other regulators, such as membrane cofactor protein (MCP; CD46), decay accelerating factor (DAF; CD55) and complement receptor 1 (CR1; CD35), bind C3b at similar sites as FH SCR 1-4 despite variations in amino acid composition. In all such cases, a precise positioning of the TED domain contacting the MG1 domain from the macroglobulin core ring is required for sustaining the interaction between C3b and the regulators, as illustrated by recent crystal structures (Forneris et al., 2016) and the mapping of mutations (Schramm et al., 2015) .
It is currently known that C3b coexists in several conformations, and the positioning of the TED is not always adjacent to the MG ring, as in the crystal structures. Images of C3b obtained using single molecule electron microscopy (EM) revealed that the TED domain was detached from the position found in the crystal structures in some C3b molecules (Nishida et al., 2006; Alcorlo et al., 2015) .
Time-resolved FRET measurements using a fluorophore attached to the TED domain (Pechtl et al., 2011) as well as the solution structure of C3b studied using X-ray and neutron scattering further supported these findings. Also, proteins from pathogens such as the extracellular fibrinogen-binding protein (Efb-C) from S. aureus induce allosteric inhibition of complement by promoting conformational changes in C3b that perturb the positioning of the TED (Chen et al., 2010) . Importantly, Chen et al. suggest that C3b binds differently to other proteins when the position of the TED domain is held away from the MG ring by Efb-C. Hereafter, we will refer to C3b conformations as "attached" and "detached" when the TED region is held together or apart from the MG ring, respectively, though no covalent chemical bonds are formed between the TED and MG ring in the "attached" conformation. The use of this term in the manuscript implies non-bonded interaction, and the "attachment" can be reversible and/or transient. We have previously obtained low-resolution models for the detached conformation using EM (Alcorlo et al., 2015) . These models are just a sampling of several possible conformers where the TED no longer contacts the MG ring. In one such structure solved previously, the CUB domain remains in the proximity of the MG ring and the TED is extended. Modeling shows that the linker connecting CUB and TED is sufficient to account for the separation. This arrangement might not be the most general, but models obtained by X-ray and Neutron Scattering analyses also show a tendency of the CUB domain to remain closer to the MG ring when the TED domain extends away . This separation could have been exacerbated in the electron microscopy analysis using negative staining, as observed in images obtained by other authors (Nishida et al., 2006) . High-resolution models for a detached conformation have been obtained using X-ray and Neutron Scattering . Recently, solution studies performed with the related C4b protein revealed similar conformational flexibility and its dependence of NaCl concentration (Fung et al., 2016) .
Here we have expanded our understanding of the conformational changes and associated functional changes in C3b by combining the predictions from an electrostatic model of protein structure with experimental imaging of the C3b conformations in single molecules to investigate the preference of C3b for the attached and detached conformations. We describe an ionic tether holding the TED domain to the MG ring, which can be affected by ionic strength, mutations and polymorphisms, including the common R102G polymorphism. We find differences in the conformational sampling of the two forms of C3b (S and F) that contribute to an understanding of why the C3b isoforms behave differently in vivo. In addition, we find that assembly of the C3bB complex still occurs when the TED domain is displaced from the MG ring, indicating that subsequent formation of the active C3bBb enzyme and amplification of the immune response is compatible with such a conformational rearrangement. Overall, the electrostatic attachment of the TED domain to the MG ring and the conformational flexibility of C3b highlight dynamic structural changes of C3b in complement regulation.
Materials and methods

Thermodynamic analysis of C3b
All computational analyses were performed using structures with PDB identifiers 5fo7 (Forneris et al., 2016) and 4mrk . The 5fo7 crystal structure describes the conformation of C3bS isoform when the TED is attached to the MG ring. The 4mrk model is a solution scattering structure for the C3bS isoform when the TED is detached from the MG ring. Since the solution scattering structure is a coarse grain model, the atomic positions were estimated by superposing domains of 5fo7-4mrk. Loops were then modeled using Modeller MartiRenom et al., 2000) . Full atom models for both 5fo7 and 4mrk with intra-chain disulfide bridges were then subjected to steepest descent minimization in Gromacs (Abraham et al., 2015) until the greatest force was less than 1000 kJ/mol/nm or 50,000 steps were reached. Neighbor searching was performed using the Verlet algorithm with a cutoff distance of 1.2 nm for van der Waals and Coulombic interactions. Electrostatic interactions were calculated using the particle mesh Ewald algorithm with the default grid spacing of 0.1 nm. Further minimization of C3b models with both inter and intra-chain disulfide bridges was performed in NAMD (Nanoscale Molecular Dynamics) with a conjugate gradient algorithm first without solvent and then with solvent until total energies stabilized (approximately 10,000 steps). In minimization and all subsequent simulations, the non-bonded cutoff distance was set to 1.25 nm, the switching distance was set at 1 nm and hydrogens covalently bonded to heavy atoms were constrained by the SHAKE algorithm. After initial minimization, a water box using the TIP3P model was constructed leaving a margin of 1.2 nm spacing on all sides of the protein to prevent interactions across periodic boundaries. Next sodium ions were added to neutralize the net charge of the system and additional sodium and chloride ions were added to bring the ionic strength of the system to 150 mM. After minimization, the solvated system was heated to 310 K stepwise using increments of 10 K over 64 ps with a 2 fs time step. The system was further equilibrated over several 50 ps runs with constraints for all protein atoms of 10, 5, 2, and 1 kcal/mol/Å 2 , using a time step of 1 fs for the first run and 2 fs for all subsequent runs. A final equilibration run was performed with a time step of 2 fs constraining only backbone atoms of amino acids with a spring constant of 1 kcal/mol/Å 2 . Finally, a production run was performed with a time step of 2 fs and backbone constraints of 1 kcal/mol/Å 2 for 100 ps. The final frame of these simulations provided an estimate of the full-atom structures for C3bS in both a TED-attached and TED-detached conformation. To estimate the corresponding conformations of C3bF, the Dunbrack rotamer library (Shapovalov and Dunbrack, 2011) was used to perform the R102G mutation on the corresponding C3bS conformation using the swapaa command in UCSF Chimera (Pettersen et al., 2004) . Models for C3bS and C3bF in the attached and detached conformation are provided as Supplementary Information.
An ensemble of mutant structures was built for each C3b structure by mutating one ionizable amino acid (R, K, H, D, E) per structure. Mutations were performed by side-chain truncation to form alanine, and every ionizable amino acid is mutated to form a comprehensive ensemble of mutants. For each member of the ensemble, electrostatic (Coulombic and solvation) energies are calculated with the use of PDB2PQR (Dolinsky et al., 2007; Dolinsky et al., 2004) and APBS (Baker et al., 2001) according to previously established methods (Gorham et al., 2011a; Gorham et al., 2014; Harrison et al., 2015; Kieslich et al., 2011; Mohan et al., 2015; Mohan et al., 2016) . In all calculations, the maximum grid spacing was 1 Å; the ionic strength was varied between 0 and 150 mM of monovalent counterions. The dielectric constants used were 20 and 78.53 for the protein and solvent, respectively (Gorham et al., 2011b ). Using a previously described thermodynamic cycle (Gorham et al., 2011a; Gorham et al., 2014; Harrison et al., 2015; Kieslich et al., 2011; Mohan et al., 2015; Mohan et al., 2016) , free energies of association are predicted according to
G s and G C represent the difference in solvation energies and Coulombic energies, respectively, between the whole C3b molecule and the individual ␣' and ␤ chains of C3b. Typically, we report electrostatic energies of association relative to the value associated with the parent structure lacking mutations as
where all values less than zero represent gain of binding mutations and all values greater than zero represent loss of binding mutations. Moreover, any gain of binding mutation suggests that the parent residue is involved in electrostatic interactions with other residues in the native structure in an overall energetically unfavorable manner, while loss of binding mutations suggest the parent residue was involved in electrostatic interactions that were overall favorable.
In order to isolate those mutations that are predicted to affect the electrostatic energy of conformational transition from TED attached to TED detached, we calculate electrostatic energies of association for each conformational state
to calculate the electrostatic energy of conformational transition
An electrostatic energy of conformational transition below zero favors the attached conformation, while a value above zero favors the detached conformation. Values for this electrostatic energy of conformational transition are then compared between F and S variants of C3b according to
in order to compare the energetics of the transition between the TED attached and detached conformations in the two isoforms. A value above zero suggests that the corresponding mutation causes the TED detachment to be more energetically favorable in the F isoform than in the S isoform. In contrast, a value below zero suggests that the corresponding mutation causes the TED detachment to be more energetically favorable in the S variant than in the F variant. Therefore, by examining G transition,S-F for individual residues, the relative importance of amino acids can be gauged in the transition process.
Purification of C3bS/F variants and Factor B
Each C3 variant was purified from EDTA-plasma of consenting volunteers homozygous for each variant of C3b. To confirm that the proteins used in our assays were identical except for the polymorphisms of interest, all exons and flanking regions from the C3 gene were amplified and sequenced. All C3 donors were homozygotes for the S or F variant, and therefore, all the C3 protein purified for each patient belonged to one of the two polymorphisms.
For the purification, plasma EDTA was precipitated with 10% ammonium sulfate, and the supernatant was applied to a DEAE column (GE Healthcare) followed by a Mono S column (GE Healthcare). The resulting purified protein was fractionated by size exclusion chromatography (Superdex 200 Increase 10/300 GL, GE Healthcare). FB was affinity purified from EDTA plasma using an anti-Bb column (mAb D2, home-made), followed by anion exchange chromatography (Mono Q, GE Healthcare) and size exclusion chromatography (Superdex 200 Increase 10/300 GL, GE Healthcare). FD was purchased from Calbiochem. C3b from the two isoforms (C3bS/F) was generated by incubation of purified C3S/F (1 g) with FB (0.5 g) and FD (1 ng) in presence of Mg 2+ for 40 min at 37 • C, followed by anion exchange chromatography (Mono Q, GE Healthcare) and size exclusion chromatography (Superdex 200 Increase 10/300, GE Healthcare). Concentrations of pure proteins were assessed using absorbance at 280 nm and the extinction coefficients of 1.43 and 0.98 cm −1 (mg/mL) −1 for FB and C3, respectively.
Purification and assembly of C3bB complexes
Purified heterozygous C3b was incubated with a molar excess of FB and the mixture was subjected to a final purification step using size-exclusion chromatography with a Superdex 200 PC 3.2/30 (GE Healthcare) column in a buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl and 2 mM NiCl 2 . Complexes between C3b and FB were identified after analyzing all fractions by SDS-PAGE and silver staining. C3b and FB alone were run on the column using the same conditions as controls.
Electron microscopy and image processing of C3b
C3b, after incubation under the different experimental conditions, was adsorbed on carbon-coated grids, washed and subsequently stained using 1% (w/v) uranyl formate (taken to pH 5.5 after using NaOH). For each condition, ionic strength was maintained through the procedure, including washes, which were performed with the same buffer as the sample. As a control to avoid unexpected conformational changes due to the staining agent, for each experiment in a certain condition, a control experiment was always run in parallel where C3b was observed at 50 mM NaCl. If greater than 95% of the molecules in the control experiment were observed in the attached conformation, the results of the test experiment were considered valid. C3b grids were observed using a JEOL-1230 operated at 100 kV and micrographs were obtained automatically using a TVIPS F416 CMOS and a final magnification of 54,926. Images of individual C3b molecules were extracted from the micrographs automatically and with user supervision using EMAN2 (Tang et al., 2007) . Molecule images were then classified and averaged using methods implemented in Xmipp (Sorzano et al., 2004) .
For the observation of purified C3bB complexes in this work, the staining agent was not neutralized and its final pH was measured as 3.5-4.0. Experiments at acidic pH were performed by exchanging the buffer of the sample to reduce the pH to 3.5-4.0. 14,359 particles of C3bB were extracted and 2D averages revealed two sets of images, those similar to the C3bB complex solved before (Torreira et al., 2009 ) (57% of the data set), and those averages suggesting that the TED domain was detached (43% of the data set). The assignment was performed by computationally comparing each experimental average with the theoretical projections of C3bB with an attached TED domain solved before (Torreira et al., 2009 ). This subset of particles that did not fit the attached conformation was split and processed independently using EMAN (Tang et al., 2007) and XMIPP (Sorzano et al., 2004) and following similar refinement procedures as before for C3bB (Torreira et al., 2009 ). We used several templates to initiate refinement, including the structure of C3bB filtered at very low resolution (Torreira et al., 2009) , and an unbiased reference built from the reference free 2D averages and using the volume generator procedure in EMAN2 (Tang et al., 2007) . These references were refined until convergence using EMAN. The 3D structure of C3bB with a detached TED domain refined to a resolution of 24 Å according the FSC method and a cut-off of 0.5 in the cross-correlation coefficient.
The structure of a detached conformation of C3b was described previously by Alcorlo et al. (Alcorlo et al., 2015) . We used a few microliters of C3b obtained after final gel filtration in a Superdex 200 PC 3.2/30 (GE Healthcare) in 20 mM HCl, 75 mM NaCl and 5 mM MgCl 2 . Observations were performed in a JEOL JEM-1230 electron microscope operated at 100 kV at a final magnification of 39,499. Images were collected using a cooled slow-scan CCD camera (GATAN, UK) with the specimen holder tilted 0 and 45 • to collect around 50 tilted pairs of micrographs. 3D structures were first solved by the Random Conical Tilt method (RCT) using XMIPP (Sorzano et al., 2004) , and the structures improved by angular refinement after adding images collected at 15, and 30 • tilting.
Assignment of C3b molecules to the attached or detached conformation
To assign each molecule image to either the attached or detached conformation, 2D averages in each experiment were used in a multirefine protocol implemented in EMAN (Tang et al., 2007) , and these averages were compared to the 3D models of C3b with the TED domain attached to the MG ring (model generated from PDB 2i07 (Janssen et al., 2006) with the pdb2mrc command in EMAN (Tang et al., 2007) ) or detached (structure previously obtained by our group) (Alcorlo et al., 2015) . Each experiment was performed 3 times to estimate the experimental error.
Results
Electrostatic analysis reveals two structural regions in C3b tethered by electrostatic interactions
We performed an in silico alanine scan for every ionizable amino acid in the C3bS attached conformation, one at a time, and calculated the electrostatic energy of association for each alanine mutant as a difference from the electrostatic energy of association of the parent (wild type, see Materials and Methods). This computational analysis provided a list of residues within C3b where electrostatic interactions significantly contributed to hold the structure together. These included loss of binding mutations, where the replaced amino acid was important for favorable electrostatic interactions within C3b (Fig. 1B, blue color) as well as gain of binding mutations, indicating that the replaced amino acid was making an unfavorable electrostatic interactions in C3b (Fig. 1B, red color) . All the residues indicated in this manuscript are numbered according to C3 sequence nomenclature, which includes the signal peptide in the count and agrees with the numbering scheme of 5fo7. Table 1 summarizes the list of significant positions, those where the absolute values of the differences between C3b and the alanine mutant were greater than the thermal energy (1k B T = 2.5 kJ/mol). Interest- Table 1 Changes in free energy of association for ␤ and ␣' chains of C3b relative the parent structure (S isoform). All mutations resulting in a change outside of thermal fluctuations (2.5 kJ/mol) for the attached conformation are displayed. Corresponding changes in free energy of association are displayed for both attached and detached conformations, and the domain where the residue is located is noted. Cells shaded blue indicate that the electrostatic energy of association is more unfavorable in the mutant than in the parent and outside thermal fluctuations, while red indicates that the electrostatic energy of association is more favorable in the mutant than in the parent and outside thermal fluctuations.
ingly, some of these computationally predicted residues have been described previously as mutations or polymorphisms that interfere with complement regulation. For instance, the R592W mutation associated with aHUS (Martinez-Barricarte et al., 2015) results in lower binding of C3b to FH and CD46 and in resistance to regulation by MCP but not by FH (Mohan et al., 2016) . Additionally, the R102G mutation results in decreased binding of C3b to FH, reduced sensitivity to FI cleavage, and conferred risk for developing age-related macular degeneration (AMD) later in life (Kieslich et al., 2011; Mohan et al., 2015; Heurich et al., 2011) . The predicted residues clustered around two broad areas. Most residues were located in the MG ring and the adjacent CUB domain, probably contributing to its structural stability; however, we also found residues with electrostatic character at the interface of the MG ring and TED that likely promote association of the TED to the MG ring (Fig. 1B) .
In order to compare the effects of mutations between C3bS in the attached and detached conformation, we performed another alanine scan for our theoretical model of the detached conformation based on PDB 2mrk . Once again, the computational analysis provided a list of residues within C3b where electrostatic interactions significantly contributed to hold the structure together; however, in the detached conformation there are no significant mutations at the interface of the TED and MG ring at 150 mM ionic strength of NaCl (Fig. 1C) . This observation suggests that short-range, electrostatic interactions have been eliminated between these two domains in the detached conformation. Table 1 displays the values for the free energy of association relative to the parent in the TED domain that are significant in the attached conformation but insignificant in the detached conformation. These mutations include D1029A, E1032A, E1035A, K1036A, E1040A.
NaCl affects the tethering between TED domain and the MG ring
The electrostatic component of contacts between the TED domain and the MG ring suggested that ionic strength could potentially affect the conformation of C3b. We first performed electrostatic energy calculations to examine the effect of several concentrations of monovalent counterions (0, 75, 150 and 300 mM) for the attached conformation of C3bS ( Fig. 2A) . Increasing the counterion concentration decreased the energetic effects on the electrostatic energy of association (loss or gain of binding) in C3b mutants. As the ionic strength increases, the Debye length decreases, screening out the effects of point charge interactions greater than the Debye length. Assuming a solvent dielectric constant of 78.5 and a temperature of 300 K, the Debye length is 13.6, 8.6, and 7.9 Å at 50, 125, and 150 mM, respectively. This is consistent with the presence of more electrostatic interactions at lower ionic strengths predicted in the model. Consequently, we expect some long-range electrostatic interactions (7.9-13.6 Å) to be important for anchoring the TED to the MG ring, depending on the ion concentration. Notably, there were (C) Assignment of C3b views to attached or detached TED conformation. 2D reference-free averages from "B" were compared to two different 3D models of C3b (TED attached, left panel; TED detached, right panel) using the multirefine command implemented in EMAN (Tang et al., 2007) . Representative pairs of theoretical projections of the models (Proj) and averages assigned to each class (Aver) are shown for each model. Scale bars represent 10 nm for the 2D-averages and 25 Å for the 3D models. The position of the TED domain in the 3D models is indicated. (D) Effect of ionic strength of the conformation of C3b (S variant), analyzed using electron microscopy. C3b images were classified as attached or detached conformations after image processing by comparison with typical C3b images observed before (Alcorlo et al., 2015) . The percentage of molecules counted for each conformation as an average from three independent experiments is indicated. The position of the TED domain is indicated by a white arrow. Scale bar represents 10 nm. s.d., standard deviation.
several loss-of-binding mutations at 150 mM that switched to gainof-binding mutations at 0 mM ionic strength (data not shown), where free energies of association relative to the parent were outside thermal effects at both ionic strengths. These mutations include E197A, E226A, E294A, and E586A, and they are all located on the MG ring. E197 and E226, specifically, may participate in unfavorable, long-range Coulombic interactions (>8 Å) with the CUB at lower ionic strengths and in favorable, shortrange (<8 Å) Coulombic interactions with the CUB at higher ionic strengths.
Subsequently, we observed the conformation of single C3b molecules to assess the involvement of NaCl concentration. For this, C3bS purified from human plasma was dialyzed against several buffers with varying NaCl concentrations (ranging from 50 to 150 mM NaCl), and the conformation of the molecules was analyzed by EM. For this EM experiments, molecules were adsorbed on a support film and their conformation fixed using a staining agent prior to their observation inside the microscope. 2D-reference free averages of around 10000 molecules for each experiment were analyzed by image processing methods with the aim of classify- Note that a third band in the loading C3b sample is a contaminant that is not a fragment of C3b or iC3b when tested by western blot. The contaminant is low abundant, but it looks more prominent in this experiment because the SDS-PAGE was stained using silver staining up to saturation of the signal so that the protein present in the fractions of the column was visible. This contaminant did not co-migrate in fractions 16 and 17, containing C3bB, and which were selected for structural analysis. (B) Representative 2D averages of images of purified C3bB after staining with uranyl formate (approx. pH 4.0). Some averages were similar to those observed before for C3bB in an attached conformation (upper panel), while other averages suggested that the TED domain was detached from the MG ring (lower panel). TED domain and FB are indicated with a white and pink arrow respectively. Scale bar represents 10 nm. (C) Two views of the low-resolution structure of C3bB where the location of FB is indicated in pink color. C3b domains and FB are indicated by arrows. Scale bar represents 25 Å. (D) Comparison between the structure of C3bB (this work; left panel) and the complex between C3bBb and properdin (Alcorlo et al., 2013 ) (EMD-2403; right panel). Positions of FB domains (Ba and Bb) are highlighted in pink, TED domain in green and properdin in purple. Scale bar represents 25 Å. In C3bBb-properdin, part of the MG ring is not visible due to partial staining, a problem observed before when staining C3b and iC3b for EM studies (Nishida et al., 2006). ing and averaging images with a similar conformation (Fig. 2B , set of 2D averages obtained for a representative experiment is shown). Note that C3b preferentially interacts with the EM grid in a typical triangular side view, which represents the majority of the data set, with some other less abundant orientations. To assign each particle to either the attached or detached conformation of C3b, each 2D average was compared with all the theoretical projections of 3D low resolution models of C3b with the TED attached or detached (see Materials and Methods for details on how these models were generated) (Fig. 2C) . Each experiment was performed 3 times, and the number of molecules assigned to each conformation, including the statistical error, was calculated (Fig. 2D) . We found that increasing the concentration of NaCl in the preparation resulted in a larger ratio of C3b molecules where the TED domain was not interacting with the MG ring, and the differences between 50 mM and 150 mM were statistically significant (P = 0.0020), suggesting an effect of electrostatic interactions on the stability of C3b.
Detachment of the TED domain is compatible with FB binding to C3b
We investigated if the displacement of the TED domain from the MG ring would disrupt binding of C3b to FB. This event is essential to form the C3 pro-convertase (C3bB), and defining which conformational states of C3b can bind FB is necessary to understand the functional implications of such conformational variations and structural perturbations. For this, C3b and FB were incubated in the presence of Ni 2+ , since this metal stabilizes the C3bB complex, facilitating purification and structural analysis (Torreira et al., 2009; Forneris et al., 2010) . The mixture was fractionated by size exclusion chromatography and the fractions where C3b and FB co-migrated were analyzed by electron microscopy (Fig. 3A) . We observed that incubation of those fractions with a buffer at acidic pH (around pH 3.5-4) prior to performing electron microscopy was sufficient to displace the TED domain in a fraction of C3b molecules. This is consistent with the electrostatic analysis of C3b, which predicts that neutralization of acidic amino acids -many of which are located on the concave, acidic surface of C3d -could diminish electrostatic interactions that contribute to the attachment of the TED-CUB with the MG ring. We used this approach to observe the purified C3bB complex under conditions displacing the TED domain to evaluate if this would disrupt the interaction of FB and C3b after purification as a complex.
2D reference-free averages of images of C3bB complex at pH 3.5-4 revealed some images similar to the crystal and EM structures of C3bB (Torreira et al., 2009; Forneris et al., 2010) and where the TED domain is attached (Fig. 3B, top panels) . We also found some 2D averages suggesting that the TED domain was disconnected from the MG ring (Fig. 3B , bottom panels, TED domain labeled with a white arrow). These images were split from the data set and processed independently to obtain a 3D model of the C3bB complex with the TED domain detached (Fig. 3C) . This model showed that FB remains bound to C3b even when the TED domain is not contacting the MG ring, which is in agreement with our current understanding of the interaction of FB and C3b that does not involve the TED domain (Forneris et al., 2010) . The displaced TED domain in C3bB occupies a different position to that found in the C3bBb-properdin complex (Alcorlo et al., 2013) (Fig. 3D) . A recent analysis of the displacement of the TED domain in EM images of C3b showed that the TED domain can be found in several positions, including the one found in C3bBb-properdin (Alcorlo et al., 2015) .
Taken together, these experiments suggest that binding of FB to C3b, and thus the assembly of a pro-convertase C3bB complex (this work), and the binding of properdin to C3bBb (Alcorlo et al., 2013) , is compatible with a displaced TED domain. However, we cannot rule out that the kinetics of association between FB and C3b may be altered by the detached conformation of C3b.
C3bF shows higher propensity for the detached conformation than C3bS
In order to compare the relative propensity for transitioning from a TED-attached to TED-detached conformation between S and F C3b isoforms, we calculated the relative electrostatic free energies of conformational transition ( G transition,S-F ) as described in Materials and Methods. Using this strategy, we were able to predict that TED-detachment is more favorable for the F isoform than the S isoform by 3.55 kJ/mol (Fig. 4A) . Additionally, we identified five mutants predicted to have significantly different energetic between C3bS and F isoforms. Namely, E659A and K1036A are predicted to amplify the energetic difference for TED-attachment between the S and F isoforms causing G transition,S-F to increase, while D996A, E1032A, and E1035A are predicted to diminish the energetic difference for TED-detachment between the S and F isoforms causing G transition,S-F to decrease. The existence of these mutations that have different effects depending on the isoform of C3b suggests a delicate balance of electrostatic interactions at the interface of the TED and MG ring. Multiple Coulombic interactions, both favorable and unfavorable, are shown in Fig. 4B in the form of a distance heatmap of charged, side-chain atoms in ionizable amino acids of C3bS. Specifically, favorable, charge-charge interactions with a distance of separation less than 6 Å occur between K119-E1040, K104-E1032, R102-E1032, R102-E1035, and K97-E1032, while an unfavorable, charge-charge interaction with a distance of separation less than 6 Å occurs between R102-K1036. Thus, R102 participates in several favorable and unfavorable interactions, though we expect the net interaction to be favorable (Fig. 4C) . We predict that the R102G mutation reduces the magnitude of the netfavorable Coulombic interactions at the interface of the TED and MG ring. Additionally, the mutation is expected to alter the network of charge-charge interactions at this interface allowing for mutations that have different energetic effects depending on the C3b isoform of the parent structure (Fig. 4A) .
To test the prediction that TED-detachment is more energetically favorable for the F variant than the S variant, we analyzed the ratio of C3bS and F molecules in the attached and detached conformations when varying the concentration of NaCl (Fig. 5) . C3b for each variant was obtained by standard purification methods from plasma of homozygous donors. Then, single molecules were observed and analyzed in the electron microscope as described previously, and the percentage of molecules in each conformation estimated after classifying the molecules by image processing. We performed 3 independent experiments and 22,000 molecule images were analyzed per each experiment. We followed the methodology described previously and compared each average image to computational projections of attached and detached models (Fig. 5A) . We did not find differences at 50, 75 and 125 mM NaCl, with around 20% of the molecules in the detached conformation for both isoforms (Fig. 5B ). When we reached 150 mM NaCl, the amount of molecules in the detached conformation increased to almost 50% for C3bF whereas C3bS stayed at 20%, and this difference was statistically significant (P = 0.0023). It cannot be ruled out that differences also occur at lower NaCl concentrations that could not be detected with our methodology. Overall, these results indicated that the F variant of C3b is more prone to a detached conformation than the S variant. This observation agrees with the computational prediction that the detachment process would be more energetically favorable for the F form than the S form.
Discussion
Current evidence shows that C3b coexists as a mixture of conformations (Nishida et al., 2006; Alcorlo et al., 2015; Rodriguez et al., 2015) . Much of this intrinsic flexibility seems to affect the contacts of the TED domain to other parts of the molecule. Here we show that ionic tethering stabilizes the conformation of C3bS where the TED domain is in contact with the MG ring. We also show that the equilibrium distribution of attached and detached conformations can be affected by changes in ionic strength and the R102G polymorphism. In addition, we describe that the detached conformation is compatible with binding to FB and thus it is conceivable that the flexibility of the TED domain in the C3bBb convertase may affect regulation by FH under certain conditions. Our results are fully consistent with atomistic scattering models for C3b at different NaCl concentrations obtained using analytical ultracentrifugation and x-ray and neutron scattering . These models show that although the TED and the MG1 domains are in contact at 50 mm NaCl, the domains are separated at the physiological 137 mm NaCl concentration. Similar results had been recently described for the related complement protein C4b (Fung et al., 2016) .
The presence of the staphylococcal inhibitor Efb-C favors the detached conformation of C3b, and this conformation has a substantial impact on the rate at which FH binds C3b (Chen et al., 2010) . The interaction between Efb-C and C3d has been previously shown to be electrostatic in nature (Gorham, 2012) , and therefore Efb-C could disrupt the ionic tethering of TED on the MG ring. Other staphylococcal complement inhibitors, such as Ehp and Sbi-IV, have also been previously shown to electrostatically interact with C3d (Gorham et al., 2014; Gorham, 2012) and may have similar effects in disrupting the ionic tethering of TED. Fig. 4 . Prediction of the relative propensity for transitioning from a TED-attached to TED-detached conformation between S and F C3b isoforms. (A) At 150 mM monovalent counterions, the transition electrostatic energy is more favorable for the F variant than the S variant of C3b as indicated by the dashed red line at 3.55 kJ/mol. Several mutations are predicted to cause significant deviations (␣ = 0.01, two-tailed) from this baseline expectation and are labeled within the figure. Any transition electrostatic energy greater than zero indicates that TED detachment is more favorable in the F isoform than the S isoform. Any transition electrostatic energy less than zero indicates that TED detachment is more favorable in the S isoform than the F isoform. E659A and K1036A are mutations expected to cause the transition electrostatic energy to be more positive, suggesting these residues are more important for interactions between the TED and MG ring in the F isoform than in the S isoform. D996A, E1032, and E1035A are mutations expected to cause the transition electrostatic energy to shift to a smaller, positive value, indicating that this mutation is more important for interactions between the TED and MG ring in the S isoform than in the F isoform. (B) Minimum distance between charged side-chain atoms at the interface of the MG ring and TED in C3bS. Residues from the ␤ chain of C3b are along the vertical axis, while residues from the ␣' chain of C3b are along the horizontal axis. Higher distances (darker colors) indicate weaker Coulombic interactions. Interactions between oppositely charged ionizable amino acids that are separated by 8 Å or less are important at physiological ionic strength of 150 mM, but Coulombic interactions may occur at distances beyond 8 Å, at lower ionic strengths. (C) Molecular representation displaying Coulombic interactions at the interface of the TED and MG ring involving residue R102. The grey ribbon represents residues in the MG ring (␤ chain), and the tan ribbon represents residues in the TED (␣' chain). Side chains from interacting residues are displayed using a ball-and-stick model where hydrogens are white, nitrogens are blue, oxygens are red, and carbons are the color of the ribbon. Both favorable and unfavorable Coulombic interactions are displayed as blue or red dashed lines, respectively. The thickest dashed lines indicate a closer distance (under 3 Å), moderate thickness of dashed lines indicate distance greater than 3 Å and less than 6 Å, and thinnest dashed lines indicate distance greater than 6 Å.
In addition, we provide a proof of concept that the F variant of C3b is less stable in the attached conformation than the S variant, and this observation could rationalize the well-characterized functional differences between both forms of C3b (Heurich et al., 2011) . To our knowledge, this is the first time that conformational differences have been observed in these two variants using purified protein. Our finding correlates well with the importance of the R102-E1032 salt bridge to maintain the interaction of C3d to immobilized C3c in surface plasmon resonance experiments . In those experiments, the authors did not use the C3bS/F variants, whose mutation is in the C3d fragment, but tested the relevance of the salt bridge by mutating residue E1032. The AMD risk variant C3bF variant shows altered functionality, which is not due to differences in C3-convertase formation but rather to the susceptibility to regulation (Heurich et al., 2011) . C3bF bound FH less efficiently compared with the S variant, causing decreased FI cofactor activity, extended convertase lifetime, and enhanced complement alternative pathway amplification. Our model suggests that subtle differences in conformational stability of each C3b variant could result in differences in FH binding.
Finally, other mutations and polymorphisms could affect the conformational dynamics in C3b. In fact, we have recently described several mutations in patients that affect the conformation of C3b (Martinez-Barricarte et al., 2015) . Some of the mutations predicted to affect the ionic tethering are located in the acidic concave surface on the TED and have been shown to contribute in accelerating the association of the TED (C3d) with its receptor, complement receptor 2 (CR2), through long-range electrostatic interactions (Mohan et al., (A) Representative example for the assignment of C3bS views to attached or detached TED conformation. 2D reference-free averages were compared to two different 3D models of C3b (TED attached or detached) as in Fig. 2 . Representative pairs of theoretical projections of the models (Proj) and averages assigned to each class (Aver) are shown. Scale bars represent 10 nm. (B) Three independent experiments were performed to estimate the number of molecules for each variant in each condition (125 and 150 mM NaCl) using electron microscopy. The average number of molecule images obtained per each experiment was around 22,000. The percentage of molecules counted for each conformation as an average from three independent experiments is indicated. s.d., standard deviation. 2016). It is likely that this acidic concave surface is multifunctional, as it contributes to ionic tethering within C3b and also contributes to interactions with CR2 (Mohan et al., 2015) and FH (Harrison et al., 2015) . Together, our findings extend previous information on the conformational flexibility of C3b in solution, highlighting the importance of dynamic structural changes of C3b in complement regulation.
